Abstract Fourier-transform ion-cyclotron resonance mass spectrometry (FT-ICR-MS) detection of oxidized cellular metabolites is described using isotopologic, carbonyl-selective derivatizing agents that integrate aminooxy functionality for carbonyl capture, quaternary nitrogen for electrospray enhancement, and a hydrophobic domain for sample cleanup. These modular structural features enable rapid, sensitive analysis of complex mixtures of metabolite-derivatives by FT-ICR-MS via continuous nanoelectrospray infusion. Specifically, this approach can be used to globally assess levels of low abundance and labile aldehyde and ketone metabolites quantitatively and in high throughput manner. These metabolites are often key and unique indicators of various biochemical pathways and their perturbations. Analysis of lung adenocarcinoma A549 cells established a profile of carbonyl metabolites spanning multiple structural classes. We also demonstrate a procedure for metabolite quantification using pyruvate as a model analyte.
Introduction
The analysis of cellular aldehyde and ketone species is of considerable importance in the field of metabolomics since carbonyl species are pervasive intermediates of normal metabolism as well as common products of oxidative stress (Zajdel et al. 2007; Noda et al. 2007) , which has been implicated in the pathogenesis of many diseases including cancer (Negre-Salvayre et al. 2010) . Indeed, the detection and identification of oxidized cellular species, in general, has become an important focus of research efforts in metabolomics where potential early markers of disease are sought (Griffiths et al. 2010; Psychogios et al. 2011; Wikoff et al. 2009 ). The identification of polar aldehyde and ketone metabolites from aqueous cell extracts is particularly challenging owing to their low-abundance, high reactivity, and the difficulties associated with their extraction from the cell matrix. Mass spectrometry has the sensitivity required for observing these low-abundant species, but due to insufficient mass accuracy and resolution, most MS methods are coupled with chromatography to distinguish analytes with similar m/z.
Fourier-transform ion-cyclotron resonance MS (FT-ICR-MS), however, does not suffer these limitations for lowmolecular mass analytes and can provide unique molecular formulae of most metabolites. In addition, FT-ICR-MS can achieve simultaneous resolution of 13 C isotopologues and distinguish them from other elemental (such as 15 N or D) isotopologues Lane et al. 2008) . However, direct infusion FT-ICR-MS is often compromised by unstable sample introduction (e.g., electrospray) and low ion yields due to interference from cellular salts and/or interaction with matrix ions in aqueous biological extracts. Consequently, metabolite derivatization is a strategy that can be employed to overcome these challenges.
In the case of aldehyde and ketone metabolites, derivatization is commonly performed to facilitate liquid chromatography with optical or MS detection (LC-MS) or gas chromatography coupled to mass spectrometry (GC-MS). Such derivatization reagents either have distinct absorbances (for optical detection), preserve or increase volatility (GC), or have easily ionizable groups for MS detection, such as those exemplified in Fig. 1 (Eggink et al. 2010; Iglesias et al. 2010; Maboudou et al. 2002; Zajdel et al. 2007; Sugaya et al 2004; Barry et al. 2003; Maboudou et al. 2002; Wheeler 1968) . These reagents react with carbonyls via their amine (Eggink et al. 2010) , hydrazine (Maboudou et al. 2002) , hydrazide (Griffiths et al. 2008; Hong and Wang 2007; Johnson 2007) or aminooxy (Iglesias et al. 2010; Sugaya et al. 2004 ) moieties to form corresponding imine, hydrazone, acyl hydrazone, or oxime ether adducts, respectively. Some of these reagents also employ a permanent positive charge to enhance electrospray MS sensitivity (Eggink et al. 2010; Griffiths et al. 2008; Hong and Wang 2007; Johnson 2007; Barry et al. 2003; Ross 1985; Wheeler 1968) . The disadvantages in the reported approaches include multistep procedures for metabolite derivatization and/or lengthy chromatographic separation of the resultant metabolite adducts.
Our aim to use direct infusion FT-ICR-MS to analyze crude biological extracts led us to the development of a permanently charged reagent for ready conversion of carbonyl metabolites into stable, non-volatile, charged adducts. Thus, our reagent design included compatibility with aqueous medium, suitable hydrophobicity for partitioning the charged adducts into an organic solvent for optimal electrospray stability, and formation of adducts with sufficient molecular mass to exploit the sensitive m/z range of the FT-ICR-MS, which is higher than m/ z 150 based on our experience. We report here a new, permanently cationic amphiphile that meets these functional criteria and demonstrate its application in the global profiling of oxo-metabolites directly from crude aqueous extracts of cancer cells.
Materials and methods
2.1 Synthesis of derivatizing agents QDA and *QDA N-[2- (Aminooxy) ethyl]-N,N-dimethyl-1-dodecylammonium iodide (QDA) and *QDA ( 13 CD 3 -labeled QDA) (cf. Fig. 2 ) were prepared as outlined in Scheme S1 (Supplementary information) according to our previously published method (Biswas et al. 2010) for the synthesis of structurally related aminooxy compounds using the Mitsunobu approach originally described by Grochowski and Jurczak (1976) . Full experimental and characterization details are provided in the Supplementary Information.
Cell culturing and extraction of polar metabolites
Human lung adenocarcinoma A549 cells were grown in 10-cm plates with 8 mL RPMI 1640 medium (Sigma) supplemented with 2 mM glutamine, 0.2% glucose, 10% fetal bovine serum, 100 U/mL penicillin, and 0.1 mg/mL streptomycin at 37°C, 5% CO 2 and 95% humidity. When cells became 70% confluent, the medium was removed, and the cells were washed quickly three times on ice each with 5 mL cold 1 9 PBS (phosphate buffered saline) to remove medium components. After PBS was drained via vacuum suction, 1 mL of cold acetonitrile (-20°C) was added immediately to quench metabolism within seconds by precipitating proteins. Then, 0.75 mL of nanopure water was added before cells were scraped and collected into a 15 mL polypropylene conical centrifuge tube (Sarstedt, Newton, NC) containing three 3 mm diameter glass beads. These steps were then repeated to collect any remaining cells. Next, 1 mL HPLC-grade chloroform (Fisher Scientific) was added to the centrifuge tube containing the cell lysate and the mixture was shaken vigorously. Partitioning of polar and non-polar metabolites into aqueous and solvent layers was performed as described previously Lorkiewicz et al. 2011 ). The aqueous extract was lyophilized and stored at -80°C prior to analysis.
Metabolite derivatization and adduct extraction
Fifty lL of a 1:1 mixture of 100 lM QDA and *QDA dissolved in nanopure water was added to a 1.5 mL microcentrifuge tube containing the aqueous extract of approximately one quarter of a 10 cm cell plate in 50 lL of 10 mM pH 6 NH 4 OAc buffer. The tube was briefly vortexed, sonicated for 1 h and placed in a 40°C dry bath for 23 h. This reaction time was chosen because increased ion counts were observed up to 23 h of reaction time in 63% of the metabolites assigned, even though 85% of all assigned metabolites were observable after 30 min of reaction time. Following reaction, the aqueous layer was extracted with n-butanol three times, and dried by vacuum centrifugation (Vacufuge, Eppendorf, Hauppauge, NY). The residue was dissolved in methanol with 0.1% v/v formic acid and analyzed by FT-ICR-MS as a 1:1 mixture with an external standard of 2 lM (N,N-dimethyl-N-(2-((D 6 -propan-2-ylideneamino)oxy)ethyl)octan-1-aminium iodide) in methanol. For each experiment, three replicate samples were analyzed. A buffer blank consisting of 50 lL 10 mM pH 6 NH 4 OAc buffer and 50 lL of the QDA/*QDA mixture was prepared and analyzed similarly to serve as a negative control.
FT-ICR-MS analysis
Samples were analyzed on a hybrid linear ion trap (LIT) FT-ICR mass spectrometer (LTQ-FT, Thermo Electron, Bremen, Germany) equipped with a TriVersa NanoMate ion source (Advion BioSciences, Ithaca, NY) with an ''A'' electrospray chip (nozzle inner diameter 5.5 lm). The TriVersa NanoMate was operated in positive ion mode by applying 1.85 kV with 0.1 psi head pressure. MS runs were recorded over a mass range from 150 to 1,200 Da. Initially, low resolution LIT-MS scans were acquired for 0.75 min to track the stability of the ion spray, after which high mass accuracy data were collected using the FT-ICR analyzer where MS scans were acquired for 8 min and at the target mass resolution of 1 in 400,000 m/z. The AGC (automatic gain control) maximum ion time was set to 10 and 500 ms for the LIT and ICR operations, respectively, using default ion count targets for both. Five ''microscans'' (ICR transients) were accumulated before Fourier transformation to produce each saved spectrum; thus the cycle time for each transformed, saved spectrum was about 5 s. The LTQ-FT was tuned and calibrated according to the manufacturer's default standard recommendations, which typically achieved better than 0.2 ppm mass accuracy at 400,000 resolving power at m/z = 400. FT-ICR mass spectra were exported as exact mass lists into an Excel file using QualBrowser 2.0 SR2 (Thermo Electron, ''Bremen'' version for the LTQ-FT). QDA/ *QDA adducts were assigned based on their accurate mass by using an in-house software tool PREMISE (PRecaculated Exact Mass Isotopologue Search Engine) ) and by manual validation. PREMISE is a simple algorithm that corrects small measured mass errors based on a known peak (such as internal standard, or a known analyte), then matches the corrected observed m/z with theoretical m/z values using a selectable m/z window typically set to 0.0008 Da or smaller. The theoretical m/z values of a large number of QDA-metabolite adducts were calculated and compiled in a reference table for the PREMISE assignment.
2.5 Global assignment of carbonyl metabolites based on their QDA-adducts and companion *QDAadducts QDA and *QDA adduct mixtures from 2.3 were acquired for 9 min on FT-ICR-MS as described in 2.4 and spectra were averaged over all saved scans. Next, all peaks from each acquisition were exported as exact mass lists to Excel. Any peaks with ion counts less than 1,000 were deleted to eliminate noise. A theoretical ''?4'' m/z list was created by adding 4.02188 (1 9 13 C ? 3 9 D mass) to all remaining peaks in the list. PREMISE software was then used to find matches between the experimental peak list and the calculated ?4 peak list with an error window of 0.0009 m/z. This simplified list was then crosschecked manually against the negative control peak list and any duplicate masses were deleted, except in cases where the intensity was significantly higher in the sample than the negative control ([80%). Where multiple ?4 peaks (*QDA adducts) were matched, the peaks with ion counts most closely matching that of the QDA adduct peak were retained. The final exact mass list was used to deduce the corresponding molecular formulae of the adducts and thereby the parent carbonyl metabolites. The metabolites, in turn, were assigned by matching the formulae against those in our custom database comprised of a large number of known carbonyl metabolites.
Quantification of pyruvate in cell extracts
For acurate quantification of carbonyl metabolites by the QDA method, several factors need to be considered: (a) concentration range with linear instrumental response; (b) ion suppression effects of extract matrix; (c) pKa shifts of ionizable groups due to the presence of other ions in cell-extracts; (d) partition efficiency; and (e) reaction efficiency (a consequence of the equilibria of carbonyl species with unreactive forms, such as hydrates, enols (Fang et al. 2010) , and imines). Each of these factors can affect ion counts and thus compromise accurate quantification of a given carbonyl metabolite. Nonetheless, an estimate of the impact of these factors on quantification can be made.
We selected pyruvate as a representative metabolite and verified its linear instrumental response from 0.025 to 25 lM (see Figure S1 in Supplementary Information). Next, we established an internal standard curve for cell extract samples by adding variable amounts of 13 C 3 -labeled pyruvate (see below) to cell extracts before derivatizing them with QDA; this allowed us to correct for the partition and reaction efficiency. Finally, ion suppression in the cell extracts was accounted for by normalizing against independently-reacted, non-extracted, *QDA-pyruvate added at the same concentration to all FT-MS samples as an external standard. Thus, three mass isotopologues of the pyruvate adduct were made for quantification purpose: QDA-pyruvate (from pyruvate extant in the cellular extract), a reaction standard (QDA-[ 13 C 3 ]-pyruvate), and an external standard (*QDA-pyruvate).
Five, 10 or 15 lL of 100 lM uniformly 13 C labeled sodium pyruvate ( 13 C 3 -pyruvate) in 10 mM NH 4 OAc buffer was added to three 1.5 mL microcentrifuge tubes containing the aqueous extract of approximately one quarter of a 10 cm cell plate in 10 mM NH 4 OAc buffer such that the total volume of buffer was kept at 50 lL. 50 lL of 200 lM QDA in nanopure water was then added. The tube was briefly vortexed, sonicated for 1 h and placed in a 40°C dry bath for 23 h. Following reaction, the aqueous layer was extracted with n-butanol three times, and dried (as above). The residue was dissolved in methanol with 0.1% (v/v) formic acid. Negative controls were prepared by replacing cell extract with buffer.
For preparation of the external standard, 110 lL of 1 mM *QDA in nanopure water was added to 100 lL of 1 mM unlabeled sodium pyruvate in buffer. This solution was likewise vortexed, sonicated, and heated for 24 h, after which, the aqueous solution (without extraction) was dried on a vacufuge. The extracts containing 13 C labeled pyruvate were diluted 1:1 with the external standard solution (final *QDA-pyruvate concentration of 2.5 lM in methanol with 0.1% formic acid) and then analyzed by FT-ICR-MS. Each analysis was repeated three times.
For an estimate of the ''ion suppression'' (loss of signal intensity) factor in cellular extracts, the ion counts of QDA-pyruvate and QDA-13 C 3 -pyruvate peaks were obtained and normalized against that of the external standard *QDA-pyruvate which was added at the same concentration to every sample. The normalized ion counts of QDA-13 C 3 -pyruvate were then plotted against the known concentrations of 2.5, 5, and 7.5 lM in buffer conditions and cell extract conditions to obtain linear regression equations. The ion suppression factor was then calculated from the ratio of the slopes of the two linear regressions.
The concentration of endogenous pyruvate was then calculated using the standard curve established by the internal standard QDA-13 C 3 pyruvate. Specifically, the normalized ion counts for QDA-pyruvate were averaged across 3 9-min FT-ICR-MS acquisitions, then over three replicate samples. Normalized ion counts of QDA-pyruvate from the blank (QDA added to buffer alone) were subtracted. This value was then used to calculate the lM concentration of endogenous pyruvate using the equation in Figure S2B in Supplementary information.
Results and discussion

Probe design
The derivatizing agent QDA (Fig. 2) contains three structural domains: a carbonyl-selective aminooxy moiety, a quaternary ammonium ion for enhancing nanoelectrospray FT-ICR-MS sensitivity, and a hydrophobic aliphatic tail to enable organic phase extraction. We selected the aminooxy functional group over hydrazine and hydrazide functionality for its comparatively mild reaction conditions, stable reaction products (Kalia and Raines 2008) , and highly chemoselective oximation reaction with carbonyl substrates. We also synthesized a 13 C 2 H 3 -labeled analog, *QDA, (Fig. 2) to highlight the QDA-derivatized metabolites among all charged species, as described below, and for improved quantification of endogenous carbonyl substrates.
Derivatization of carbonyl metabolites by aminooxy probe
Our probe was initially tested by derivatizing and partitioning four representative carbonyl standards, pyruvate, a-ketoglutarate, a-ketobutyrate, and glucose 1 from ammonium acetate buffer into n-butanol. As shown in Fig. 3a , the *QDA adducts of these standards were readily observed in the FT-ICR-MS spectra. To test the efficiency of the partitioning process, we repeatedly extracted the same standard adducts from buffer into n-butanol five times. This revealed that the majority of the adducts (ca.[98%) were recovered within the first two extractions (see Table S1 in Supplementary Information). Therefore, in subsequent cellular extract studies we performed three solvent partitions of the derivatized extracts to ensure high adduct recovery. Figure 3b shows a representative FT-ICR-MS spectrum of QDA-derivatized A549 cell extracts, where the QDA
13 C *QDA Fig. 2 Quaternary ammonium dodecyl aminooxy reagents, prepared as iodide salts adducts of endogenous pyruvate, a-ketobutyrate, a-ketoglutarate, and glucose were readily observed, along with multiple other QDA adducts. From the exact masses, the molecular formulae of additional observed adducts were assigned. The partitioning of QDA adducts into n-butanol minimized the contribution of non-volatile salts such as NaCl and KCl to the final assay solution since their partitioning into n-butanol was reported to be low (0.02-0.1 wt % at 25°C) (Li et al. 1995) . This was confirmed with our finding that the sodiated peaks of the adducts of spiked carbonyl standards extracted from A549 cell extract represented, on average, only 0.1% of the total ion count (H ? ? Na ? ) for a given adduct (data not shown). Such property is crucial to minimizing matrix salt interference for continuous infusion FT-ICR-MS analysis.
Although aminooxy functionality is known to be selective for reacting with carbonyl substrates (Rodriguez et al. 1998) , it can also react with epoxides at high concentrations, which we have tested on a model epoxide (glycidol) to be ca. 33% complete under the same reaction conditions. However, no known human epoxide metabolites (compiled from the KEGG database) were detected in the FT-ICR-MS spectra of A549 cell extracts when searched against their expected exact masses.
Stable isotope labeled aminooxy probe for global profiling of carbonyl metabolites
We prepared a 13 CD 3 -labeled analog of QDA by performing amine quaternization using 13 CD 3 I to obtain *QDA (Fig. 2) . Its value is twofold: first, derivatization using *QDA helps verify whether species observed in positive mode FT-ICR-MS are genuine carbonyl adducts of QDA as opposed to other n-butanol-soluble cellular metabolites (Johnson 2007) . Second, isotopic labeling enables quantitative analysis of carbonyl metabolites in cell extracts, as demonstrated below for pyruvate, the product of glycolysis and the entry metabolite of the Krebs cycle. Figure 4 (top panel) illustrates how *QDA made possible the global visualization of carbonyl metabolites in a crude human lung adenocarcinoma (A549) cell extract. QDA and *QDA were added in equal amounts to an aqueous cell extract and then adducts were extracted as described above. This resulted in many pairs of adduct signals with comparable ion counts separated by 4.02188 m/z (1 9 13 C ? 3 9 2 H). A given pair of adducts represented a carbonyl metabolite that has reacted with both derivatizing agents. Example QDA and *QDA adduct pairs are delineated in Fig. 4 , where the full FT-ICR-MS spectrum (top inset) along with an expanded spectral region (bottom main panel) are shown. This spectrum was further processed as described in 2.5 to assign many likely carbonyl metabolites based on the derived molecular formulae of adducts and matching against a custom database that compiles the molecular formulae of many known carbonyl metabolites. These include a-keto acids of the Krebs cycle (oxaloacetate and a-ketoglutarate), carbohydrates (erythrose), lipid peroxidation products (eicosanal), oxidized amino acids (hydroxykynurenamine), nucleotide metabolites (deoxyribose), Fig. 3 Derivatization of carbonyl standards and A549 cell extract. a FT-ICR-MS spectrum of *QDA adducts of four carbonyl standards after partitioning from ammonium acetate buffer into n-butanol:
co-factors (pryidoxal-5-phosphate), and metabolites of glycolysis (pyruvate) and the pentose phosphate pathway (sedoheptulose). Table 1 is an abridged list of the QDA adducts assigned; the complete list is included in Table S2 in Supplementary information. Since structural isomers exist for many of these molecular formulae, the assignments shown here represent the most likely species based on known mammalian biochemistry. Further interrogation of these structural isomers by tandem MS and/or separation-based FT-ICR-MS methods is required to resolve their identity. 3.4 Estimation of extract matrix suppression and quantification of pyruvate As described in Materials and Methods, an acurate quantification of carbonyl metabolites by the QDA method requires the consideration of several factors. Using pyruvate as an example, we verified the linear instrument response and estimated ion suppression effects of the extract matrix. In addition, an internal standard of 13 C 3 -pyruvate was used to correct for the effect of QDA reaction efficiency and sovlent partitioning efficiency of the QDA adducts on quantification. Pyruvate is a pivotal metabolite in mitochondrial Krebs cycle and anaplerotic pyruvate carboxylation (PC) for anabolic metabolism. PC has been recently shown to be activated in human lung cancer ).
The instrumental response for pyruvate and three other carbonyl metabolites is shown in Figure S1 (Supplementary Information) as scatter plots of ion counts versus concentrations. The linear regression parameters for the plots are listed in Table S3 (Supplementary Information). It is clear that the FT-ICR-MS instrument response was linear in the range from 0.025 to 25 lM for all four metabolites. The ion suppression effect of the A549 cell extracts is illustrated in Fig. 5 , where the ion counts (normalized to the external *QDA-pyruvate standard) of the internal [U-
13 C]-pyruvate standard at three different concentrations were significantly higher for the buffer than for the cell extract matrices. The linear regression parameters of the normalized ion counts versus concentrations of the internal standard for both matrices are shown in Figure S2 (Supplementary information). The ratio of the two slopes revealed the ion suppression factor of 4.97 for cellular extracts.
With all these calibrations, we estimated the pyruvate concentration to be 0.4 nmol in ca. 625,000 cells or approximately 106 nmol/g cell wet weight, when cell numbers were calibrated against cell wet weight. This result is within the reported concentration range for pyruvate in serum (22-258 lM) (Psychogios et al. 2011 ).
Conclusions
In summary, we have developed a new cationic aminooxy reagent for the selective derivatization of carbonyl metabolites in aqueous cell extracts. QDA is sufficiently amphiphilic that its oxime ether adducts can be extracted efficiently into n-butanol for rapid analysis by FT-ICR-MS. The QDA probe incorporates quaternary nitrogen to impart a permanent positive charge to the resulting adducts for optimal FT-ICR-MS detection. Furthermore, we have demonstrated a stable isotope labeling approach wherein *QDA and QDA were used to generate mass spectral ion pairs separated by 4.02188 m/z for global profiling of carbonyl metabolites in crude extracts. When applied to human lung cancer A549 cell extracts, numerous carbonyl metabolites across multiple structural classes were assigned, including important metabolites of the central metabolic pathways. Thus, this approach enables both high sample and information throughput analysis of key components of the overall cellular oxidation state. Lastly, this approach can facilitate quantification of these often lowabundant and labile metabolites, as exemplified by the analysis of cellular pyruvate. As such, our chemoselective derivatization approach coupled with high resolution and sensitive FT-ICR-MS analysis can overcome the difficult challenge of mapping key carbonyl metabolites as well as cellular oxidation states which may be indicators for the onset of diseases. 
